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Summary 
The r e sea rch  covered by t h i s  s t a t u s  r e p o r t  i s  d iv ided  i n t o  t h e  
fo l lowing  t o p i c s :  
(1) S tud ie s  of t h e  response func t ions  of l i t h i u m  d r i f t e d  
s i l i c o n  d e t e c t o r s  t o  monoenergetic e l e c t r o n s .  
(2) Prel iminary i n v e s t i g a t i o n  of t h e  temperature  dependence 
of t h e  r e s o l u t i o n  of  l i th ium d r i f t e d  s i l i c o n  d e t e c t o r s .  
(3) Fabr ica t ion  of l a r g e  volume l i t h ium d r i f t e d  s i l i c o n  
d e t e c t o r s .  
(5) Ohmic con tac t s  t o  s i l i c o n  d e t e c t o r s .  
(6) S tud ie s  of h igh  Z semiconductors f o r  r a d i a t i o n  d e t e c t o r s .  
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(1) S t u d i e s  of t h e  response func t ions  of l i t h ium d r i f t e d  s i l i c o n  
d e t e c t o r s  t o  monoenergetic e l ec t rons .  
I t  was proposed t o  s tudy  the response of  s i l i c o n  d e t e c t o r s  t o  
e l e c t r o n s  of d i f f e r e n t  ene rg ie s .  As r epor t ed  i n  t h e  semi-annual s t a t u s  
r e p o r t  covering t h e  f irst  s i x  months o f  t h i s  g ran t  year ,  a be t a - r ay  
spec t rometer  is  now under cons t ruc t ion .  
by la te  d e l i v e r y  of t h e  electromagnet which, a l though ordered  a t  t h e  
beginning of  t h e  g ran t  yea r ,  was not rece ived  u n t i l  l a t e  i n  t h e  autumn. 
Once f i n i s h e d ,  t h e  spectrometer  w i l l  be  used as a means o f  ob ta in ing  
n e a r l y  monoenergetic e l e c t r o n s .  The continuous be t a - r ay  spectrum of 
r ad io i so topes  w i l l  s e r v e  as a source o f  t h e s e  e l e c t r o n s .  They w i l l  be  
focused on s i l i c o n  d e t e c t o r s  and the response func t ion  of t h e  d e t e c t o r  
w i l l  be  measured as a func t ion  of  energy. 
This  p r o j e c t  has  been delayed 
A t  t h e  p r e s e n t  time, the  spectrometer  chamber has  been cons t ruc t ed ,  
b u t  a measurement of  t h e  magnetic f i e l d  a t  var ious  p o i n t s  a long t h e  
e l e c t r o n  p a t h  showed t h a t  t h e  inhomogeneity of  t h e  f i e l d  would render  
t h e  experiment impossible .  The pole  f a c e s  are now being r econs t ruc t ed  
t o  provide  a more n e a r l y  homogeneous f i e l d  i n  t h e  chamber. 
s imple form, t h i s  amounts t o  p u t t i n g  a n n u l i  on t h e  po le  faces i n  
accordance with a c a l c u l a t i o n  by Rose.' 
a l r eady  been cons t ruc t ed  and f i t  r a t h e r  c l o s e l y  between t h e  faces. 
Necessa r i ly ,  t h e  po le  faces a r e  being r econs t ruc t ed  and are a l s o  being 
made more n e a r l y  p a r a l l e l  than  t h e  ones o r i g i n a l l y  supp l i ed  by the  
magnet manufacturer .  
In  i t s  most 
I n  ou r  case, t h e  chamber had 
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The measurement of  t h e  magnetic f i e l d  shows t h a t  i t  w i l l  be  
p o s s i b l e  t o  focus e l e c t r o n s  up t o  4 MeV wi th  a power supply a l r eady  
a v a i l d ~ l e .  
f i e l d  s l i g h t l y ,  b u t  it should s t i l l  be p o s s i b l e  t o  focus e l e c t r o n s  
g r e a t e r  than  3 MeV which means t h a t  t h e  energy range of g r e a t e s t  
importance w i l l  be covered. 
t o  t a k e  p l ace  t h i s  summer. 
The add i t ion  o f  t h e  Rose r i n g  po le  faces w i l l  reduce t h e  
Operation of t h e  spec t rometer  i s  a n t i c i p a t e d  
(2) Pre l iminary  i n v e s t i g a t i o n  of the temperature  dependence of t h e  
r e s o l u t i o n  of  l i t h ium d r i f t e d  s i l i c o n  d e t e c t o r s .  
Numerous s t u d i e s  have shown t h a t  t h e  optimum r e s o l u t i o n  of a 
s i l i c o n  d e t e c t o r  i s  obtained by cool ing t h e  d e t e c t o r .  
e i t h e r  dry ice  (-40°C) o r  l i q u i d  n i t rogen  (77'K) temperatures  are used 
s i n c e  t h e s e  temperatures  are t h e  most convenient and inexpensive from 
t h e  s t a n d p o i n t  of  a v a i l a b i l i t y  of  coolants .  
t h e  r e v e r s e  cu r ren t  is  reduced thereby minimizing t h e  n o i s e  genera t ion  
i n  t h e  diode from t h i s  cu r ren t .  
p rovides  no improvement s i n c e  t h e  mobi l i ty  of t h e  ion  p a i r s  decreases  
below t h a t  temperature  and t h e  charge c o l l e c t i o n  e f f i c i e n c y  i s  reduced. 
I n  p r a c t i c e ,  
A t  t h e s e  low temperatures ,  
Cooling below l i q u i d  n i t rogen  temperature  
Na tu ra l ly  t h e r e  is  considerable  i n t e r e s t  i n  opt imizing t h e  
r e s o l u t i o n  of  s i l i c o n  d e t e c t o r s .  U n t i l  r e c e n t l y ,  t h i s  r e s o l u t i o n  was 
p r i m a r i l y  l i m i t e d  by the  e l e c t r o n i c  p reampl i f i e r s  a v a i l a b l e .  However, 
new types  of  p reampl i f i e r s2  have been developed 
than  1 keV t o  t h e  o v e r a l l  n o i s e  of the system. 
r e v e r t e d  back t o  t h e  r e s o l u t i o n  of  the d e t e c t o r  
which c o n t r i b u t e  less 
The problem has  t h e r e f o r e  
i t s e l f .  
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A s  p a r t  of our  i n v e s t i g a t i o n s  i n t o  t h i s  problem, two p ieces  of 
experimental  d a t a  were considered:  
1. F i e l d  effect  t r a n s i s t o r s  which a r e  e s s e n t i a l l y  b a r s  
o f  s i l i c o n  do not  exh ib i t  t h e i r  lowest no i se  charac-  
t e r i s t i c  a t  77'K, b u t  r a t h e r  a t  a s l i g h t l y  h ighe r  
temperature ,  between 120'K and 140'K. 3 
2. Some experimental  evidence on t h e  r e s o l u t i o n  of germanium 
l i t h ium d r i f t e d  de t ec to r s  has  been obta ined  by El -Shish in i  
and Z ~ b e l . ~  
d e t e c t o r s  was not  optimized a t  l i q u i d  n i t rogen  temperatures ,  
b u t  r a t h e r  a t  105'K, although they gave no t h e o r e t i c a l  
explana t ion  of t h i s  phenomena. 
They observed t h a t  t h e  r e s o l u t i o n  of  t hese  
Both of t h e s e  r e s u l t s  i nd ica t ed  t h a t  l i t h ium d r i f t e d  s i l i c o n  
d e t e c t o r s  might a l s o  have somewhat b e t t e r  r e s o l u t i o n  a t  a temperature  
above t h a t  of l i q u i d  n i t rogen .  
out  t o  determine i f  more exac t  measurements would prove f r u i t f u l .  
A pre l iminary  experiment was c a r r i e d  
A series o f  s p e c t r a  of  t h e  i n t e r n a l  conversion l i n e s  of B i 2 0 7  
were taken  with a l i t h ium d r i f t e d  su r face  b a r r i e r  s i l i c o n  d e t e c t o r  a t  
temperatures  ranging from l i q u i d  n i t rogen  t o  room ambient. The r e s o l u t i o n  
of t h e  d e t e c t o r  on t h e  975 keV i n t e r n a l  conversion l i n e  showed a broad 
b u t  d e f i n i t e  minimum n e a r  160'K. 
r e s o l u t i o n  i s  approximately 25% higher  than  t h e  minimum and a t  room 
temperature  i t  i s  about 400% h ighe r .  
r e s u l t s  are pre l iminary  and were obtained t o  determine i f  f u r t h e r  
A t  l i q u i d  n i t r o g e n  temperature ,  t h e  
I t  should be emphasized t h a t  t h e s e  
experimentat ion would prove f r u i t f u l .  
encountered i n  s t a b i l i z i n g  t h e  temperature and measuring i t  p r e c i s e l y .  
However, t h e  r e s u l t s  a r e  very encouraging and i n d i c a t e  t h a t  s i g n i f i c a n t  
improvement i n  r e s o l u t i o n  can be obtained.  Fur ther  experiments a r e  now 
i n  progress  and a number of de t ec to r s  w i l l  be examined t o  determine i f  
a genera l  s ta tement  can be made about t h e  optimum opera t ing  temperature.  
Considerable d i f f i c u l t y  was 
(3) Fabr i ca t ion  of l a r g e  volume s i l i c o n  d e t e c t o r s .  
A l a r g e  volume s i l i c o n  l i th ium d r i f t e d  d e t e c t o r  has  been 
f a b r i c a t e d  and w i l l  be t e s t e d  i n  Apri l .  
j unc t ion  device,  t h e  d r i f t i n g  being terminated before  the  e n t i r e  ingot  
was d r i f t e d .  
The d e t e c t o r  i s  a d i f f u s e d  
This  d e t e c t o r  i s  shown i n  Fig .  1. Lithium was d i f fused  i n t o  
one of t h e  long s i d e s  ( the  top one i n  t h e  photograph) and d r i f t e d  t o  
a depth of 1 cm. 
which has  been r e t a i n e d  i n  t h e  f i n i s h e d  d e t e c t o r  s i n c e  a s u r f a c e  
b a r r i e r  d e t e c t o r  would have been somewhat more d i f f i c u l t  t o  handle.  
The width of t h e  d e t e c t o r  i s  1.5 cm and t h e  t o t a l  l ength  is over  1 2 . 3  cm. 
Protons up t o  160 
length.  
This l e f t  approximately 0.5 cm of p-type m a t e r i a l  
MeV i n  energy can be s topped i n  a d e t e c t o r  of t h i s  
I n  prepar ing  such a l a rge  de t ec to r ,  some account must be taken 
of t h e  c o l l e c t i o n  t ime f o r  t he  ion  p a i r s  produced by an i n c i d e n t  
p a r t i c l e .  
3 x 10’’ cm/sec a t  room temperature.  
The maximum v e l o c i t y  of these  p a i r s  i s  on the  o rde r  of 
This means t h a t  f o r  a d e t e c t o r  
6 
Fig. 1. Photograph of 18 cm3 l i th ium d r i f t e d  s i l i c o n  d e t e c t o r  i n  
mounting holder .  
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1 cm t h i c k ,  t h e  c o l l e c t i o n  time may be as long as 300 nanoseconds. 
For t h i s  reason t h e  d r i f t  was stopped a t  1.0 cm although a somewhat 
deeper  dep le t ion  l a y e r  could have been d r i f t e d .  
cooled,  t h e  c o l l e c t i o n  times are shortened s i n c e  t h e  mobi l i ty  of t h e  
ion  p a i r s  i nc reases .  
For tuna te ly ,  when 
Tes t ing  of t h i s  device w i l l  take p l a c e  sometime i n  Apr i l  a t  the  
The d e t e c t o r  w i l l  be mounted i n  t h e  s p e c i a l  Harvard 160 MeV cyclotron.  
chamber shown i n  Fig. 2 .  
l i q u i d  n i t r o g e n  temperature .  A 10 m i l  be ry l l ium window permi ts  pro tons  
t o  be  i n c i d e n t  upon t h e  d e t e c t o r  with minimal s t r a g g l i n g  i n  t h e  window. 
This chamber has  p rov i s ions  f o r  cool ing  t o  
(4) Fu r the r  r e s u l t s  i n  t h e  s tudy  of t h e  i n t e r n a l  Compton effect  measured 
wi th  a superconduct ing magnet be t a  ray  spec t rometer .  
As i n d i c a t e d  i n  t h e  semi-annual s t a t u s  r e p o r t ,  t h e  measurement 
of  t h e  i n t e r n a l  Compton e f f e c t  using t h i s  spec t rometer  r e p r e s e n t s  t h e  
f irst  d i r e c t  measurement of  t h e  e f f e c t .  Because of t h e  importance o f  
such an observa t ion  and i t s  s t imu la t ion  of  f u r t h e r  t h e o r e t i c a l  e f f o r t  
i n t o  t h e  s p e c t r a l  d i s t r i b u t i o n  of the  e l e c t r o n s  and gamma rays  r e s u l t i n g  
from t h i s  i n t e r a c t i o n ,  i t  is  necessary t h a t  t h e  experimental  d a t a  be as 
accura t e  as poss ib l e .  A l l  pos s ib l e  in s t rumen ta l  effects which might 
c o n t r i b u t e  t o  t h e  s p e c t r a l  d i s t r i b u t i o n  must be shown t o  be n e g l i g i b l e  
and t h e  subsequent paragraphs r e l a t e  t o  ou r  e f f o r t s  a long t h e s e  l i nes .  
A schematic  diagram of  t h e  superconduct ing magnet be t a - r ay  
spec t rometer  is shown i n  Fig. 3 .  The two l i t h ium d r i f t e d  s i l i c o n  s u r f a c e  
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Fig.  2 .  Photograph of l a r g e  volume s i l i c o n  d e t e c t o r  c r y o s t a t .  
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Fig.  3 .  Out l ine  diagram of superconducting magnet be t a - r ay  spec t rometer .  

1 3  
b a r r i e r  d e t e c t o r s  were mounted at e i t h e r  end of t h e  so l eno id  with t h e  
r a d i o a c t i v e  source i n  t h e  middle. For t he  measurements of t h e  i n t e r n a l  
Compton effect ,  t h e  two d e t e c t o r s  were run i n  p a r a l l e l  which e f f e c t i v e l y  
sums t h e  ou tpu t s .  The output  of the  p reampl i f i e r  was f e d  i n t o  a TC200 
a m p l i f i e r  and t h e  i n t e g r a t i o n  time and d i f f e r e n t i a t i o n  time were s e t  
a t  0 . 8  microseconds. 
was s e t  g r e a t e r  than 25 k i logauss  f o r  a l l  d a t a  runs .  
The magnetic f i e l d  along t h e  axis of t h e  spec t rometer  
Although it is gene ra l ly  assumed t h a t  t h e  f i e l d  of  a so l eno id  is  
cons t an t  over  i t s  working volume, t h i s  i s  t h e  case only i f  t h e  fol lowing 
two cond i t ions  are met: 
1)  t h e  r ad ius  a of t h e  working volume must be much l e s s  
than  t h e  l eng th  11 of  the  so l eno id ;  
2) t h e  working volume must be confined t o  t h e  reg ion  we l l  
w i th in  t h e  area where end e f f e c t s  which d i s t o r t  t h e  f i e l d  
become s i g n i f i c a n t .  
For t h e  so l eno ida l  spectrometer  used i n  t h i s  experiment,  condi t ion  (1) i s  
e a s i l y  met. Refer r ing  t o  Fig.  3 ,  a = 2.54 cm, R = 20.3, and t h e  
r a t i o  2/a  = 8.0 . Condition ( 2 ) ,  however, i s  n o t  c l e a r l y  s a t i s f i e d  and 
a c a l c u l a t i o n  has been done t o  ensure t h a t  a t  l e a s t  t h e  minimum f i e l d  
necessary  f o r  focus ing  t h e  e l ec t rons  is  p r e s e n t  i n  t h e  reg ion  of t h e  
d e t e c t o r s .  
d e t e c t o r s  r e l a t i v e  t o  t h e  c e n t e r  of t h e  so l eno id  are 
z2 = - 6.9 cm. 
Refer r ing  again t o  Fig.  3 ,  t h e  p o s i t i o n s  of  t h e  s o l i d  s t a t e  
z1 = 8.9 cm and 
The axial  magnetic f i e l d  of  a so leno id ,  as a func t ion  
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of t h e  d i s t a n c e  along t h e  symmetry axis of t h e  so l eno id  where t h i s  d i s t a n c e  
i s  measured from t h e  cen te r ,  i s  given by 
This  r e l a t i o n  has been numerical ly  eva lua ted ,  t h e  f i e l d  has  been normalized 
t o  u n i t y  a t  t h e  c e n t e r  of t he  solenoid,  and a graph of t h e  normalized f i e l d  
as a func t ion  of  d i s t a n c e  from t h e  c e n t e r  of t h e  so l eno id  i s  shown i n  
Fig.  4 .  
a r ea .  
a va lue  g r e a t e r  than 75% of  t h e  maximum a v a i l a b l e  f i e l d .  
The range of d e t e c t o r  p o s i t i o n s  i s  shown by the  cross-hatched 
I n  t h e s e  p o s i t i o n s ,  t h e  f i e l d  a t  t h e  d e t e c t o r s  i s  maintained a t  
The e l e c t r o n s  emi t ted  by the  source a t  t h e  c e n t e r  of t h e  so l eno id  
fo l low a h e l i c a l  p a t h  i n  t h e  magnetic f i e l d .  
d i sp l aced  from t h e  a x i s  of t h e  so lenoid  by the  r a d i u s  of t h e  h e l i x .  
r a d i u s  may vary from zero,  which corresponds t o  the  e l e c t r o n  be ing  emi t t ed  
d i r e c t l y  down t h e  axis of t h e  solenoid,  t o  some rad ius  r which 
corresponds t o  t h e  e l e c t r o n  being emit ted normal t o  t h e  axis o f  t h e  so l eno id .  
Two problems arise f o r  t h e  l a t t e r  case: 
The a x i s  of  t h e  h e l i x  i s  
This  
m 
1) t h e  e l e c t r o n s  may have such a l a r g e  r ad ius  o f  curva ture  
t h a t  they  may no t  be inc iden t  upon t h e  d e t e c t o r ;  
2)  t h e  component of v e l o c i t y  a long the  axis of t h e  so l eno id  
may n o t  be l a r g e  enough t h a t  a l l  of  t h e  charge w i l l  be  
c o l l e c t e d  i n  t h e  i n t e g r a t i o n  time of  t h e  a m p l i f i e r .  
i s  of p a r t i c u l a r  concern where t h e  two d e t e c t o r s  a t  e i t h e r  
end are run i n  p a r a l l e l  with t h e i r  ou tputs  summed and t h e  
This  
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Fig.  4. Normalized magnetic f i e l d  i n  superconducting so leno id  as a 
func t ion  of d i s t a n c e  from cen te r  o f  so lenoid .  
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e l e c t r o n  scatters from the d e t e c t o r  a t  one end t o  t h e  
d e t e c t o r  a t  the  o t h e r  end. I t  must then  traverse t h e  
length  of  t h e  so lenoid  i n  a time s n o r t  compared t o  t h e  
i n t e g r a t i o n  t ime of t h e  ampl i f i e r .  
The f i r s t  problem depends upon t h e  s i z e  of  t h e  magnetic f i e l d  and t h e  
dimensions of t h e  d e t e c t o r s .  The m a x i m u m  r ad ius  needed as a func t ion  
of  t h e  e l e c t r o n  energy and t h e  magnetic f i e l d  has been c a l c u l a t e d  and 
is  shown i n  Fig.  5. For t h e  de t ec to r s  used i n  t h i s  experiment,  t h e  
spec t rometer  may be opera ted  i n  t h e  cross-hatched reg ion .  
i n t e r n a l  conversion l i n e s  of i n t e r e s t  i n  B i 2 0 7  (not  g r e a t e r  than  about 
1 MeV),  no d i f f i c u l t y  i s  expected s ince  t h e  f i e l d s  used were g r e a t e r  
than  25 k i logauss .  
For t h e  
The second problem i s  more s e r i o u s  s i n c e  it i s  obvious t h a t  some 
of t h e  e l e c t r o n s  w i l l  never  have t h e i r  f u l l  energy de tec t ed .  
t h e  importance of t h i s  effect ,  t h e  assumption i s  made t h a t  t h e  p a r t i c l e s  
a r e  emi t t ed  i s o t r o p i c a l l y  i n i t i a l l y  from t h e  source .  
of p a r t i c l e s  emi t t ed  i s  propor t iona l  t o  t h e  s u r f a c e  area of  a sphere  
concen t r i c  wi th  t h e  source.  This sphere i s  shown i n  Fig.  6 with t h e  
a d d i t i o n a l  assumption t h a t  t h e  source i s  a p o i n t  source .  This last  
assumption i s  a good one, s i n c e  t h e  t o t a l  source i n t e n s i t y  needed i s  
only  a few nanocuries  which means t h a t  t h e  t o t a l  source  a r e a  w i l l  b e  
much smaller than t h a t  used f o r  o ther  types o f  spec t rometers  and, i n  
our  case, i s  u s u a l l y  less than  1 nun. Therefore ,  t h e  number of  p a r t i c l e s  
emi t t ed  wi th in  an angle  6 = 0 t o  6 = IT - 0 where 8 i s  measured with 
r e s p e c t  t o  t h e  a x i s  of t h e  so lenoid ,  i s  p r o p o r t i o n a l  t o  f r a c t i o n  of t h e  
To c a l c u l a t e  
Then t h e  t o t a l  number 
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Fig.  5 .  Maximum d e t e c t o r  r ad ius  needed as a func t ion  of magnetic 
f i e l d  and e l e c t r o n  energy. 
responds t o  t h e  d e t e c t o r s  used. 
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Fig.  6 .  Sphere and angles  used i n  c a l c u l a t i n g  number of  e l e c t r o n s  




sphe re  swept ou t  by r o t a t i n g  6 around t h e  axis.  Performing t h e  i n t e g r a -  
t i o n ,  t h e  number emi t ted  with t h i s  angle  i s  p ropor t iona l  t o  cos 8 . 
The t ime of  f l i g h t  of t h e  p a r t i c l e s  i s  determined by t h e i r  component of 
v e l o c i t y  p a r a l l e l  t o  t h e  f i e l d  and by t h e  d i s t a n c e  from t h e  source t o  
t h e  d e t e c t o r s .  Solving t h e  necessary equa t ions ,  we f i n d  t h a t  t h e  f r a c t i o n  
emi t t ed  between - b and + 6 which have a time of  f l i g h t  t o o  long t o  be 
c o l l e c t e d  i s  
where t is  t h e  c o l l e c t i o n  time o f t h e  d e t e c t i n g  system, i n  t h i s  case, 
t h e  i n t e g r a t i o n  time o f  t h e  ampl i f i e r .  
percentage  has been p l o t t e d  as a func t ion  o f  i n t e g r a t i o n  time f o r  e l e c t r o n s  
o f  d i f f e r e n t  energ ies  i n  Fig.  7 .  
source  t o  d e t e c t o r  has been p l o t t e d .  
t h e  f r a c t i o n  i s  q u i t e  small f o r  i n t e g r a t i o n  times i n  t h e  reg ion  of 
1 microsecond. 
s tant ia l  con t r ibu t ion  t o  t h e  da t a .  
This  f r a c t i o n  expressed as a 
Only one t r a v e r s a l  o f  t h e  so l eno id  from 
However, even f o r  s e v e r a l  t r a v e r s a l s ,  
Therefore ,  t h i s  e f f e c t  does not  appear t o  make any sub- 
I n  any experiment where t h e  e f f e c t  under cons ide ra t ion  i s  small, 
it i s  necessary  t o  determine t h a t  the  c o n t r i b u t i o n  from background 
r a d i a t i o n  i s  no t  s i g n i g i c a n t .  
conversion l i n e s  of  B i 2 0 7  taken with t h e  spec t rometer  i s  shown i n  Fig.  8. 
The reg ion  from chanhel 160 has  been expanded and is  p l o t t e d  i n  Fig.  9. 
Two a d d i t i o n a l  sets of  d a t a  are shown. A spectrum was measured wi th  
t h e  superconduct ing magnet tu rned  of f  and a background spectrum of  
n e a r l y  cons tan t  amplitude approximately 1% of t h e  o r i g i n a l  spectrum 
The measured spectrum of  t h e  i n t e r n a l  
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Fig. 7 .  This  diagram p l o t s  t h e  percentage of e l e c t r o n s  whose v e l o c i t y  
i n  t h e  d i r e c t i o n  of  t he  de t ec to r s  i s  s o  small t h a t  complete 
charge c o l l e c t i o n  w i l l  n o t  be made i f  more than  one traversal  
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Fig. 8. Measured spectrum of B i Z o 7  ob ta ined  from superconduct ing 
magnet be ta - ray  spectrometer  wi th  both d e t e c t o r s  opera ted  
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2 7  
Fig. 9 .  Expanded po r t ion  of Fig.  8. Two background s p e c t r a  are 
p l o t t e d  one with no magnetic f i e l d  and t h e  o t h e r  with no 
magnetic f i e l d  and obsorbers i n  f r o n t  o f  t h e  d e t e c t o r s .  
The dashed l i n e  i s  t h e  s tandard  dev ia t ion  o f  t h e  spectrum 
obta ined  with the  magnetic f i e l d  turned  on. 
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was observed. 
f r o n t  of t h e  d e t e c t o r s  t o  absorb t h e  b e t a  p a r t i c l e s  c o n t r i b u t i n g  t o  
t h e  above background spectrum, This i s  a l s o  shown i n  Fig.  9 .  This  
measurement determines t h e  cont r ibu t ion  of t h e  gamma rays  t o  t h e  main 
spectrum. 
well below t h e  peak o f  t h e  i n t e r n a l  conversion l i n e  and i n  t h e  region 
where most of t h e  con t r ibu t ion  t o  the s p e c t r a l  d i s t r i b u t i o n  would be 
expected t o  be from t h e  i n t e r n a l  Compton e f f e c t .  These measurements 
e f f e c t i v e l y  r u l e  out  t h e  p o s s i b i l i t y  t h a t  t h e  s p e c t r a  was p r i m a r i l y  
background r a d i a t i o n .  
A s  a f u r t h e r  check, aluminum absorbers  were p laced  i n  
Both of  t h e s e  background con t r ibu t ions  have been measured 
One f i n a l  check on t h e  experimental  d a t a  has  not  y e t  been pe r -  
Although t h e  source i n t e n s i t y  i s  very low and t h e  r e s u l t i n g  formed. 
source  volume very small, t he  source mounting was on aluminized Mylar 
and t h e r e  is  some p o s s i b i l i t y  t h a t  charge may have b u i l t  up on t h e  
source  a f t e r  emission of e l e c t r o n s .  This  might d i s t o r t  t h e  f i n a l  
e l e c t r o n  d i s t r i b u t i o n .  
by Nuclear  Science and Engineering Corporation. 
a t h i n  l a y e r  of  aluminum f l a shed  over i t  a t  t h e  f i n a l  s t a g e  o f  
p repa ra t ion  i n  o r d e r  t o  provide a conductive pa th  f o r  any charge.  
Spruch and Goertzel’ have performed a r e l a t i s t i c  quantum 
mechanical c a l c u l a t i o n  us ing  t h e  Born approximation f o r  t h e  s imultaneous 
e j e c t i o n  o f  a K e l e c t r o n  and t h e  emission of  a gamma ray  i n  t h e  case 
where t h e  v i r t u a l  r a d i a t i o n  f i e l d  is assumed t o  be magnetic i n  cha rac t e r .  
The 1063 keV t r a n s i t i o n  i n  B i 2 0 7  i s  known t o  be M4 and we have calcu- 
l a t e d  t h e  t h e o r e t i c a l  e l e c t r o n  d i s t r i b u t i o n  us ing  t h i s  in format ion  and 
t h e  r e s u l t s  of  Spruch and Goertzel .  
A s p e c i a l  source i s  now be ing  made up f o r  u s  
This  source w i l l  have 
I n  comparing t h e  t h e o r e t i c a l  
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d i s t r i b u t i o n  with t h e  experimental  data ,  t h e  r e s o l u t i o n  of t h e  s o l i d  
s ta te  d e t e c t o r  must be taken i n t o  account. The i n t e r n a l  conversion 
l i n e  was assumed t o  be symmetric about i t s  peak and, s i n c e  t h e  i n t e r n a l  
Compton e f f e c t  i s  p resen t  only on the  low energy side,  t h e  h igh  ener$y 
s i d e  was r e f l e c t e d  about t h e  peak channel t o  g ive  a reasonable  approxi-  
mation t o  t h e  u n d i s t o r t e d  conversion l i n e .  The t h e o r e t i c a l  con t r ibu t ion  
of  t h e  i n t e r n a l  Compton e f f e c t  can then be compared t o  t h e  experimental  
d a t a  by simply f o l d i n g  t h e  r e so lu t ion  of t h e  d e t e c t o r  i n t o  t h e  t h e o r e t i c a l l y  
c a l c u l a t e d  d i s t r i b u t i o n .  The i n t e n s i t y  of  t h e  i n t e r n a l  conversion l i n e  
i s  a l s o  obta ined  by t h i s  procedure and i s  needed i n  t h e  c a l c u l a t i o n  of  t h e  
amplitude o f  t h e  t h e o r e t i c a l  d i s t r i b u t i o n .  
I n  t h e  t h e o r e t i c a l  ca l cu la t ion  of Spruch and Goertzel ,  t h e  Born 
approximation was used, and t h e  numbers are expected t o  be v a l i d  only  
f o r  small atomic number and l a r g e  t r a n s i t i o n  energy. The requirement 
o f  small atomic number while not s t r i n g e n t  i s  not  s a t i s f i e d  f o r  B i 2 0 7 ,  
bu t  t h e  t h e o r e t i c a l  and experimental  r e s u l t s  are i n  good agreement as 
can be seen from Fig.  10. 
Ca lcu la t ions  us ing  o the r  t h e o r e t i c a l  r e s u l t s  have been made 
both f o r  t h e  975 keV conversion l i n e  and f o r  t h e  481 keV conversion 
l i n e .  
Each o f  t h e s e  t h e o r e t i c a l  c a l c u l a t i o n s  has  a d i f f e r e n t  b a s i s  
which may or may no t  be expected t o  y i e l d  v a l i d  r e s u l t s  f o r  t r a n s i t i o n s  
from t h i s  nucleus and i n  t h i s  energy range.  
6 Chang and Falkoff  assumed t h a t  t h e  i n t e r n a l  Comption e f fec t  
could be desc r ibed  as t h e  bremsstrahlung of t h e  i n t e r n a l  conversion 
e l e c t r o n s .  As an e l e c t r o n  i n  t h e  K s h e l l  passes  n e a r  t h e  nuc leus ,  
31 
Fig.  10. Experimental d a t a  of  t he  975 keV i n t e r n a l  conversion l i n e  
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t h e  t r a n s i t i o n  energy may be  given t o  i t .  I t  is  then  e j e c t e d  from t h e  
s h e l l ,  bu t  i n  t h i s  process  i s  given a l a r g e  ins tan taneous  a c c e l e r a t i o n  
which changes i t s  v e l o c i t y .  
of v e l o c i t y  decreases  t h e  energy o f  t h e  e l e c t r o n .  
i s  a semi-classical t rea tment  and does n o t  depend upon m u l t i p o l a r i t y ;  
however, as can be seen from F i g s .  10 and 11, t h e  agreement wi th  t h e  
experimental  d a t a  i s  s t i l l  r e l a t i v e l y  good. 
Any r a d i a t i o n  emi t ted  dur ing  t h i s  change 
This  d e s c r i p t i o n  
This  t rea tment  has  been extended by Baumann and Robl’ i n  a 
quantum mechanical c a l c u l a t i o n  which aga in  considered only  K s h e l l  
e l e c t r o n s  and low atomic number nuc le i  b u t  t ak ing  i n t o  account t h e  
m u l t i p o l a r i t y  o f  t h e  t r a n s i t i o n .  I n  d e t a i l ,  t h e  c a l c u l a t i o n  i s  somewhat 
more dependent upon t h e  requirement of low atomic number than  t h a t  o f  
Spruch and Goer tze l .  In  s p i t e  of  t h i s ,  t h e  agreement with experiment 
is  s t i l l  very good. 
The problem has a l s o  been t r e a t e d  by Iakobson8 who adopted a 
n on - re 1 a t  i v i  s ti  c p e r t u r b  a t  i on theory approach wi th  t h e  r e  q u i  r emen t t h a t  
t h e  t r a n s i t i o n  energy be much l e s s  than t h e  e l e c t r o n  rest energy. 
I f  h i s  r e s u l t s  are p l o t t e d  as a comparison with t h e  i n t e r n a l  conversion 
c o e f f i c i e n t ,  t h e  dependence upon m u l t i p o l a r i t y  d isappears .  I n  comparing 
t h i s  c a l c u l a t i o n  with the  experimental  d a t a ,  t h e r e  i s  e x c e l l e n t  agree-  
ment wi th  t h e  481 keV t r a n s i t i o n  data ,  bu t  very poor  agreement wi th  t h e  
975 keV t r a n s i t i o n  da ta .  The c a l c u l a t i o n  i s  n o n - r e l a t i v i s t i c  and t h e  
agreement with t h e  lower t r a n s i t i o n  i s  probably f o r t u i t o u s .  
I n  summary, t h e  agreement o f  experiment and theory  i s  a s t r o n g  
i n d i c a t i o n  t h a t  t h e  low energy d i s t r i b u t i o n  o f  t h e  e l e c t r o n s  i s  p r i m a r i l y  
t h a t  of t h e  i n t e r n a l  Compton e f f e c t .  There are d i sc repanc ie s  i n  t h e  shape 
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Fig. 11. Experimental d a t a  o f  t h e  481 keV i n t e r n a l  conversion 
l i n e  of B i 2 0 7  compared with t h e  fo l lowing  t h e o r e t i c a l  
c a l  cu 1 a t  i ons 
Spruch and Goer tze l  
Baumann and Rob1 
Chang and Falkoff  
Iakobson from formula depending on m u l t i p o l a r i t y  
o f t rans  it i on 
Iakobson from m u l t i p o l a r i t y  independent formula 
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o f  t h e  d i s t r i b u t i o n  r e f l e c t i n g  the  v a r i e t y  o f  approaches and approxi- 
mations used i n  t h e  t h e o r e t i c a l  c a l c u l a t i o n s .  More exact t h e o r e t i c a l  
r e s u l t s  are needed, t h e r e f o r e ,  before  an adequate comparison of  theory  
and experiment can be made. 
(5) Ohmic con tac t s  t o  s i l i c o n  d e t e c t o r s .  
The ques t ion  o f  ohmic contac ts  t o  t h e  s i l i c o n  d e t e c t o r  i t se l f  
is  a c r i t i c a l  one f o r  ope ra t ion  o f  the! d e t e c t o r  over  a wide range of 
temperatures .  A s  r epor t ed  i n  t h e  semi-annual s t a t u s  r e p o r t  f o r  t h i s  
g ran t  year ,  contac t  t o  t h e  l i t h ium d i f fused  s i d e  i s  made by us ing  
duPont S i l v e r  Cement between t h e  s t a i n l e s s  s t e e l  screw and t h e  e l e c t r o l e s s  
gold p l a t e d  s u r f a c e .  
con tac t  under varying ambient temperatures .  However, t h e  mechanical 
s t r e n t h  of t h e  con tac t  i s  r e l a t i v e l y  poor.  A s  a r e s u l t ,  it has been 
necessary  t o  bond 
A t  t h e  temperature  necessary  t o  make t h e  wax flow, t h e  s i l v e r  cement no 
longer  adheres  and occas iona l ly  t h e  con tac t  w i l l  break o r  become noisy .  
To da t e ,  t h i s  has given us  t h e  most r e l i a b l e  ohmic 
t h e  screw t o  t h e  s i l i c o n  wafer with Apiezon wax. 
The b a s i c  problem wi th  such a con tac t  i s  t h a t  it must be non- 
r e c t i f y i n g .  
i n d i c a t e  t h e  d i f f i c u l t i e s  t h a t  may a r i s e .  
Products  3021 and Hysol K20, was e a s i l y  app l i ed  and hardened a t  room 
temperature .  
above the  mel t ing  p o i n t  of  t h e  Apiezon wax. 
Our experience with two d i f f e r e n t  conducting epoxy cements 
Each o f  t h e s e  cements, Epoxy 
Ne i the r  l o s t  i t s  adherence p r o p e r t i e s  a t  temperatures  well 
However, such an epoxy c o n s i s t s  p r i m a r i l y  o f  granules  of  s i l v e r  
which are i n  a c o l l o i d a l  suspension and a r e  n o t  involved  i n  t h e  hardening 
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process .  
The effect  of t h i s  was seen i n  t h e  r e c t i f y i n g  p r o p e r t i e s  t h a t  developed 
i n  t h e  Epoxy Products 3021 cement as a func t ion  o f  t ime. This r e c t i f i -  
c a t i o n  was probably a p o i n t  con tac t  e f f e c t  with t h e  s i l v e r  g ranu le s .  
A s  t h e  epoxy cured, t h e  r e c t i f i c a t i o n  became more pronounced. 
t h e  r e s o l u t i o n  of  t h e  d e t e c t o r  during t h e  one month pe r iod  of  observa t ion  
was degraded by a f a c t o r  o f  two, and t h e  i n t e r n a l  conversion l i n e  peaks 
developed an asymmetry on t h e  low energy s i d e .  
Moreover, t h e  a c t u a l  cure  times f o r  t h e  epoxy may be  weeks. 
Moreover, 
On t h e  o t h e r  hand, t h e  Hysol K20 has  no t  developed such a diode 
c h a r a c t e r i s t i c  even a f t e r  t h r e e  months l ead ing  us  t o  t h e  hope t h a t  t h i s  
con tac t  may prove more r e l i a b l e .  
i n v e s t i g a t e  t h e  conduction c h a r a c t e r i s t i c  as a func t ion  of  temperature  
i n  o r d e r  t o  e s t a b l i s h  t h a t  t h e  contact  remains ohmic over  a wide range,  
s i n c e  t h e  epoxy and s i l v e r  may have very d i f f e r e n t  c o e f f i c i e n t s  o f  expansion. 
However, i t  w i l l  be necessary  t o  
The con tac t  t o  t h e  gold su r face  b a r r i e r  l a y e r  has  u s u a l l y  been made 
by bonding a gold wire with General Cement s i l v e r  p r i n t  t o  a drop of 
Aquadag on t h e  su r face .  
i s  very  d e l i c a t e .  
is  no t  formed a t  t h i s  su r f ace .  
depends on t h e  speed o f  t h e  f i n a l  e tch  may be formed. 
case, i t  should be f e a s i b l e  t o  make a more r e l i a b l e  p re s su re  con tac t  t o  
t h i s  s u r f a c e .  
This  contact  i s  n o t  s t a b l e  a g a i n s t  moisture  and 
Also, it has  been suggested’ t h a t  a t rue surface b a r r i e r  
Rather,  an oxide l a y e r  whose th i ckness  
I f  t h i s  i s  t h e  
The r e s u l t s  of  t h i s  w i l l  be  r epor t ed  l a t e r .  
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(6) S t u d i e s  of high Z semiconductors 
An i n t e n s i v e  program f o r  t h e  
f o r  r a d i a t i o n  d e t e c t o r s .  
development of  s o l i d  s ta te  r a d i a t i o n  
d e t e c t o r s  from s i n g l e  c r y s t a l s  of s i l i c o n  and germanium has  been i n  progress  
i n  l a b o r a t o r i e s  throughout t he  country. The e f f ec t iveness  o f  t h e s e  devices  
f o r  charged p a r t i c l e s  has  s t imu la t ed  a need f o r  counters  made from high Z 
materials which w i l l  be e f f i c i e n t ,  at  least more e f f i c i e n t  than  germanium, 
f o r  d e t e c t i o n  of  gamma rays .  
S ince  very l i t t l e  work has been done i n  t h i s  area, use. of  t h e  
l i t e r a t u r e  i s  l i m i t e d  t o  t h e  sys temat ic  a p p l i c a t i o n  o f  r e l e v a n t  exper i -  
mental  d a t a  compiled from work with compound semiconductors,  as well as 
t h e o r e t i c a l  research  which has been done on t h e  n a t u r e  of t he  elements 
as they  appear i n  t h e  p e r i o d i c  t ab le .  
parameters  t o  be considered i n  t h e  eva lua t ion  of  a subs tance  t o  determine 
i t s  s u i t a b i l i t y  f o r  r a d i a t i o n  de tec t ion  i s  t h e  energy of  t h e  band gap, 
E , with  optimum values  being nea r  t h a t  o f  s i l i c o n  (1.4 eV) . I n  gene ra l ,  
g 
t h e  lower t h e  band gap, t h e  less s u i t a b l e  i s  t h e  material f o r  r a d i a t i o n  
d e t e c t o r s  s i n c e  it r e q u i r e s  less thermal energy t o  e x c i t e  e l e c t r o n s  i n t o  
t h e  conduction band. A s  a r e s u l t ,  f o r  low energy gaps, t h e  i n t r i n s i c  
c a r r i e r  concent ra t ion  may be much h igher  than  t h a t  produced by any dopant.  
Hence l i t h i u m  ion  compensation w i l l  t hen  be impossible .  
For example, one o f  t h e  first 
I n  a d d i t i o n  t o  a s u i t a b l e  band gap, one must a l s o  have reasonable  
lifetimes 
charge c o l l e c t i o n  i n  any p o t e n t i a l  r a d i a t i o n  d e t e c t i o n  material. 
and m o b i l i t i e s  of  t h e  charge c a r r i e r s  t o  i n s u r e  n e a r l y  complete 
The very high Z o f  l e a d  s u l f i d e  makes t h i s  compound an a t t r a d t i v e  
subs tance  for cons ide ra t ion  as a r a d i a t i o n  d e t e c t o r .  Actual experience 
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showed, however, t h a t  t h e  cubic  l a t t i ce  of  t h i s  material produced weak 
c r y s t a l l i n e  bonds which were unable t o  wi ths tand  t h e  lapping and sanding 
procedures  necessary  i n  t h e  f a b r i c a t i o n  o f  r a d i a t i o n  d e t e c t o r s .  
wi th  t h e  most d e l i c a t e  handl ing ,  cleavage of  t h e  c r y s t a l  was t o o  common. 
Even 
This experience with lead  s u l f i d e  i n d i c a t e d  a need f o r  f u r t h e r  
cons ide ra t ion  of  c r y s t a l  s t r u c t u r e  and bonding i n  semiconductors.  
both s i l i c o n  and germanium are r e l a t i v e l y  easy t o  p rocess ,  i t  was decided 
t o  explore  materials o f  s imilar  s t r u c t u r e .  In  1950 Garyunova" concluded 
t h a t  1 1 1 - V  compounds which have a zinc-blende s t r u c t u r e ,  have chemical 
bonds between atoms which are predominantly covalen t  and n e a r l y  i d e n t i c a l  
t o  t h e  bonding found i n  elements o f  Group IVb elements .  
experimentat ion showed t h a t  t h e s e  compounds a r e  s t r u c t u r a l  analogs o f  
t h e  IVb atoms and are indeed semiconductors i n  every sense .  
time,numerous papers  have been publ ished on t h e  p repa ra t ion  and p r o p e r t i e s  
o f  1 1 1 - V  compound semiconductors.  
e f f o r t s  i n  t h i s  area with t h e  1 1 1 - V  compounds. 
S ince  
Subsequent 
Since t h a t  
For t h i s  reason we have begun our  
The band s t r u c t u r e  of t hese  compounds i s  c l o s e l y  r e l a t e d  t o  t h e  
In  deducing t h e  elec- n a t u r e  of t h e  chemical bonding o f  the l a t t i ce .  
t r i c a l  p r o p e r t i e s ,  i t  is h e l p f u l  t o  compare t h e  l a t t i c e  and bonding 
p r o p e r t i e s  o f  t h e  Group I V  elements which are well understood wi th  
those  of t h e  1 1 1 - V  compounds. 
l a t t i c e ,  each atom having fou r  n e a r e s t  neighbors  i n  a t e t r a h e d r a l  
s t r u c t u r e .  
Group I V  elements with t h e  except ion t h a t ,  while  t h e  diamond l a t t i ce  
of Group I V  i s  populated with atoms o f  only one type ,  t h i s  z inc-blende 
l a t t i c e  i s  occupied a l t e r n a t e l y  by both A and B atoms. 
Group I V  atoms are bonded i n  a diamond 
The l a t t i c e  o f  1 1 1 - V  compounds is i d e n t i c a l  t o  t h a t  o f  t h e  
One i n t e r e s t i n g  
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c h a r a c t e r i s t i c  of t h i s  i s  t h a t  t h e  behavior of t he  charge c a r r i e r s  i n  
t h e  zinc-blende s t r u c t u r e  is  more r e l a t e d  t o  t h e  s t r u c t u r e  of t h e  
s u b l a t t i c e s  than t o  t h e  l a t t i c e  as  a whole. Therefore,  t h e  b a e d  
s t r u c t u r e  of III-V compounds i s  simpler than t h a t  of t h e  Group I V  elements 
s i n c e  t h e  diamond l a t t i c e  has e i g h t  atoms/unit  c e l l  g iv ing  it a r e l a t i v e l y  
complicated symmetry, while a III-V s u b l a t t i c e  has only fou r  atoms/unit  
c e l l .  
This d i f f e r e n c e  i n  symmetry is  respons ib le  f o r  t h e  h ighe r  
m o b i l i t i e s  o f  charge c a r r i e r s  and the  s h o r t e r  l i f e t i m e s  i n  III-V compounds 
r e l a t i v e  t o  t h e  Group I V  elements.  
gaps a r e  a l s o  r e l a t e d  t o  t h e  e f f e c t i v e  i o n i c i t y  of  t h e  chemical bond. 
The g r e a t e r  t h e  e f f e c t i v e  i o n i c i t y  between t h e  atoms of a c r y s t a l ,  t he  
g r e a t e r  i s  t h e  p r o b a b i l i t y  of ion  s c a t t e r i n g  and t h e  lower w i l l  be t h e  
m o b i l i t i e s  of  t h e  charge c a r r i e r s .  This  e f f e c t i v e  i o n i c i t y  between two 
component ions  of  a III-V compound is a func t ion  of  t h e  p o l a r i z a t i o n  o f  
t he  chemical bond between t h e  atoms. In  o rde r  t o  s e e  t h i s ,  it i s  
necessary  t o  cons ider  i n  some d e t a i l  t h e  type  of bonding t h a t  occurs  
i n  III-V compounds. 
However, t h e  m o b i l i t i e s  and energy 
The bonding of  atoms i n  t h e  Group I V  elements i s  pure ly  covalent  
i n  r a t u r e ,  bu t  111, -V compounds have a combined covalen t  and i o n i c  bond 
formation.  In  i o n i c  bonding, t he  ca t ion  i s  r e l a t i v e l y  small and t h e  
e l e c t r o n s  a r e  t i g h t l y  bound, s i n c e  t h e  absence of  e l e c t r o n s  from t h e  
valence band g ives  a p o s i t i v e  charge t o  t h e  nucleus which a t t r a c t s  t h e  
remaining e l e c t r o n s .  On t h e  o t h e r  hand t h e  excess  of e l e c t r o n s  i n  t h e  
anion r e s u l t s  i n  a sma l l e r  e l e c t r o s t a t i c  a t t r a c t i o n  f o r  t h e  e l e c t r o n s  
and, as a r e s u l t ,  t he  anion is  r a t h e r  l a rge  and e a s i l y  deformed. 
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These nega t ive  charges on t h e  anion are  a t t r a c t e d  t o  t h e  p o s i t i v e l y  
charged ca t ion ,  reducing t h e  e f f e c t i v e  nega t ive  and p o s i t i v e  charge on 
t h e  anion and ca t ion .  
anion. General ly ,  t h e  p o l a r i z a t i o n  inc reases  with an inc rease  i n  t h e  
charges  on t h e  ions  and with decreasing c a t i o n  s ize .  
The formation o f  t h i s  type  of i o n i c  bond does no t  u s u a l l y  r e s u l t  
Such an effect i s  termed p o l a r i z a t i o n  o f  t he  
i n  a pu re  i o n i c  s ta te .  
t h e  covalen t  c h a r a c t e r i s t i c  o f  t h e  bonding, s i n c e  t h e r e  i s  a high e l e c t r o n  
d e n s i t y  between t h e  l a t t i c e  s i t e s  causing t h e  formation o f  s p i n - s a t u r a t e d  
e l e c t r o n  p a i r s .  
This  bond i s  t h e r e f o r e  weaker than  a pure  i o n i c  bond i n  terms o f  producing 
a lower energy gap and a h ighe r  mobi l i ty  f o r  t h e  charge carriers. 
is  a dependence o f  t h e  energy gap on t h e  r a t i o  of  t h e  s i z e s  of t h e  c a t i o n  
and an ion ,  t h e  mean main quantum number, and t h e  d i f f e r e n c e  i n  t h e  
e l e c t r o n e g a t i v i t y  o f  t h e  component ions .  
band gap on t h e  b a s i s  of t h e s e  th ree  q u a n t i t i e s  i n  o r d e r  t o  determine 
t h e i r  p o s s i b l e  use  as r a d i a t i o n  d e t e c t o r s .  
Rather,  t h e  p o l a r i z a t i o n  of  t h e  anion causes 
This  i s  e s s e n t i a l l y  t h e  same effect  as a covalent  bond. 
There 
I t  is  p o s s i b l e  t o  e s t ima te  t h e  
S ing le  c r y s t a l s  of  1 1 1 - V  compounds which have a [lll] o r i e n t a t i o n  
a r e  s t r u c t u r e d  i n  a l t e r n a t e  l a y e r s  of Group I11 and Group V atoms. I f  a 
wafer i s  obta ined  from an ingot  by s l i c i n g  normal t o  t h i s  ax is ,  one face 
of  t h e  c r y s t a l  w i l l  have a s u r f a c e  l a y e r  o f  Group I11 atoms, while  t h e  
o t h e r  face w i l l  have a s u r f a c e  l aye r  o f  Group V atoms. S ince  only a 
minimum o f  energy i s  r equ i r ed  t o  break t h e  bonds between t h e  planes, it 
i s  improbable t h a t  t h e  break w i l l  occur i n  any o t h e r  manner. Convent ional ly ,  
t h e  Group I11 s i d e  of  such a c r y s t a l  i s  termed t h e  A s i d e  o r  [lll] s i d e ,  
while  t h e  Group V s i d e  i s  t h e  B s i d e  or t h e  11111 sur face .  The a c t u a l  
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i d e n t i f i c a t i o n  of t hese  s i d e s  is  r e l a t i v e l y  s imple,  s i n c e  t h e  B surface 
i s  more chemical ly  r e a c t i v e  than  t h e  A s i d e .  
composed of 3 p a r t s  of a 6:2:1 mixture of  HNO 
o f  2 p a r t s  H20, when cooled t o  approximately O°C has  been found by u s  t o  
e t c h  t h e  B s i d e  o f  t h e  c r y s t a l ,  bu t  has l i t t l e  apparent  reaction on t h e  
A s i d e .  Such an  e t ch ing  technique i s  a l s o  very u s e f u l  i n  t h e  g ross  
i d e n t i f i c a t i o n  of  twinning, g ra in  boundaries ,  and p o l y c r y s t a l l i n e  materials. 
Determination of  t h e  s i d e s  i s  of  extreme importance, s i n c e  it was d i s -  
covered by Gatosl '  t h a t  c r y s t a l s  grown from t h e  A s u r f a c e  of  a seed of 
a 1 1 1 - V  compound w i l l  r e s u l t  i n  twinning and g r a i n  boundaries .  On t h e  
o t h e r  hand, i f  t h e  c r y s t a l s  are grown from t h e  B s u r f a c e ,  a l l  o t h e r  
f a c t o r s  be ing  equa l ,  s i n g l e  c r y s t a l s  o f  r e l a t i v e l y  low d i s l o c a t i o n  
d e n s i t i e s  w i l l  r e s u l t .  
Consequently, a p o l i s h  e t c h  
HF,  and fuming HN03 and 3' 
Moreover, Minamoto12 has  found t h a t  p-n junc t ions  prepared on 
t h e  A s u r f a c e  t y p i c a l l y  showed low breakdown vo l t ages  and high reverse 
c u r r e n t s .  However, I l B  junc t ions"  showed a r e l a t i v e l y  h igh  breakdown 
vo l t age  and r eve r se  c u r r e n t s  t h a t  were an o rde r  of  magnitude lower than  
those  of "A junc t ions ."  
C r y s t a l s  of  high p u r i t y  z inc doped, p- type ga l l ium antimonide 
with a [ 1111 o r i e n t a t i o n  were obtained from Semi-Elements. Although 
found t o  be p o l y c r y s t a l l i n e  when etched with t h e  6:2:1:2 H20 e t ch .  
An X-ray d i f f r a c t i o n  p i c t u r e  a l s o  served t o  support  t h e  conclusions 
drawn from t h e  appearance of  t h e  e tch .  
p e r f e c t e d  u n t i l  s e v e r a l  c r y s t a l s  had been processed.  Despi te  t h i s ,  a 
number of  t e c h n i c a l  experiments were c a r r i e d  out  t o  determine chemical 
- 
Unfor tuna te ly ,  t h i s  e t c h  was no t  
42 
and phys ica l  processing techniques.  
similar t o  germanium with regard  t o  these  techniques.  
In  genera l ,  t h e  c r y s t a l s  were q u i t e  
The primary d i f f i c u l t y  was encountered when an at tempt  was made 
t o  form a p-n junc t ion  by d i f f u s i o n  o f  l i t h ium.  
l i t h i u m  a l l o y  su r face  was a c t u a l l y  obtained by applying a l i t h ium- in -o i l  
suspension t o  t h e  top  su r face  and d i f f u s i n g  f o r  f i v e  minutes a t  6OO0C, 
t h e  conduc t iv i ty  of t h i s  su r f ace ,  as measured by a hot  and cold probe 
opera ted  a t  room and l i q u i d  n i t rogen  temperature ,  remained p-type. 
l i t h i u m  should be a donor i n  gall ium antimonide,  such an obviously a l loyed  
s u r f a c e  should be n- type.  
had p r e c i p i t a t e d  out  of t he  ga l l ium antimonide a t  a very r ap id  r a t e .  
This  same type of p r e c i p i t a t i o n  occurs i n  germanium and s i l i c o n  although 
a t  a much reduced r a t e .  
Although an apparent 
Since 
The conclusion was reached t h a t  t h e  l i t h ium 
A t  t h i s  p o i n t ,  a s l i g h t l y  d i f f e r e n t  technique was adopted. 
The problem of  d i f f u s i o n  of  impur i t ies  i n t o  s i n g l e  c r y s t a l s  can be viewed 
from t h e  s tandpoin t  of t h e  formation of a s o l i d  s o l u t i o n .  
i n t o  which impuri ty  atoms o r  ions  may e n t e r  must be a v a i l a b l e  f o r  e i t h e r  
d i f f u s i o n  o r  s o l u t i o n  t o  t ake  p lace .  
as wel l  a s  t h e  energy with which the  impur i ty  p a r t i c l e s  a r e  bound t o  
t h e  so lven t  o r  l a t t i c e ,  a r e  t h e  c o n t r o l l i n g  f a c t o r s  i n  the  r a t e  which 
these  processes  t ake  p l ace .  
Vacant s i t e s  
The concent ra t ion  of  t hese  vacancies  
There a r e  t h r e e  d i f f e r e n t  types o f  s o l i d  s o l u t i o n s  t o  be considered:  
1) s u b s t i t u t i o n a l ,  2 )  i n t e r s t i t i a l ,  and 3)  d e f e c t .  
I n  a s u b s t i t u t i o n a l  type s o l i d  s o l u t i o n ,  t h e  s t r u c t u r e  of  t h e  
so lven t  remains unchanged. 
l a t t i c e  and becomes an i n t e g r a l  p a r t  of t h e  l a t t i c e  s t r u c t u r e ,  evidenced 
The impuri ty  atom e n t e r s  a vacant  s i t e  i n  the  
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only  by a change i n  t h e  e l e c t r i c a l  p rope r t i e s  of  t h e  c r y s t a l  i n  cases  
where t h e  impuri ty  atom has a d i f f e r e n t  number of  bonding e l e c t r o n s  
than do i t s  n e a r e s t  neighbors i n  t h e  l a t t i c e .  
The p r o b a b i l i t y  of an impurity atom e n t e r i n g  a l a t t i c e  
s u b s t i t u t i o n a l l y  i s  increased  with the  fol lowing condi t ions :  
1 )  So lu te  and so lven t  must have comparable atomic 
dimensions ( l e s s  than 14% d i f f e r e n c e ) .  
2) S imi l a r  c r y s t a l  s t r u c t u r e .  
3) Simi la r  o u t e r  e l e c t r o n  s h e l l s .  
4) A small d i f f e rence  i n  e l e c t r o n e g a t i v i t y .  
In  our  l abora to ry  t e l lu r ium has  been s u c c e s s f u l l y  d i f f u s e d  i n t o  
p-type GaSb c r y s t a l s  and a p-n junc t ion  formed. 
i n d i c a t e  t h a t  t h e  t e l l u r i u m  should e n t e r  t h e  l a t t i c e  s u b s t i t u t i o n a l l y  a t  
antimony vacancy s i t e s  i n  preference t o  ga l l ium v a c a n c y . s i t e s .  
The fol lowing d a t a  would 
E lec t ro -  
- Atom Atomic Radius S t r u c t u r e  Valence S h e l l s  n e g a t i v i t y  
1 .6  
1 . 9  
2 . 1  
10 2 1 
10 2 3 
10 2 4 
Ga 1.41 2 or tho  rhombi c A r  3d 4s 4p 
Sb 1.59 R rhombohedral K r  4d 5s 5p 
Te 1.60 a hexagonal K r  4d 5s 5p 
The publ i shed  d i f f u s i o n  constant  of t e l l u r i u m  i n  GaSb i s  a l s o  of i n t e r e s t  a t  
t h i s  p o i n t ,  s i n c e  i t  was experimental ly  determined i n  our  l abora to ry  t h a t  
a measureable d i f fus ion  was not  obtained a t  temperatures  below 65OoC. 
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As can be seen by t h e  fol lowing d a t a ,  t h e  d i f f u s i o n  cons tan t  has  a sha rp  
i n c r e a s e  a t  t h i s  temperature .  
DIFFUSION CONSTANTS OF Te I N  GALLIUM ANTIMONIDE 








I n t e r s t i t i a l  s o l i d  s o l u t i o n s  usua l ly  involve  impuri ty  atoms of  
small r ad i i ,  such as l i t h ium,  boron, hydrogen, n i t r o g e n ,  carbon, and 
oxygen. The formation of  an i n t e r s t i t i a l  s o l i d  s o l u t i o n  i n  a semiconductor 
i s  necessary  when i o n - d r i f t  compensation i s  used t o  produce a wide deple-  
t i o n  reg ion .  
impur i ty ,  s i n c e  t h e s e  atoms are t i g h t l y  bound t o  t h e  l a t t i c e ,  while  an 
i n t e r s t i t i a l l y  d i f f u s e d  atom is  f r e e  t o  move throughout t h e  c r y s t a l  as 
an ion  under t h e  in f luence  of an e l e c t r i c  f i e l d  a t  an e l eva ted  temperature .  
Such a d r i f t  would be impossible  wi th  a s u b s t i t u t i o n a l  
When l i t h i u m  is  d i f fused  i n t o  a germanium o r  s i l i c o n  c r y s t a l ,  
a very dense s u r f a c e  a l l o y  i s  formed and t h e  l i t h i u m  may be d r i f t e d  
through t h e  c r y s t a l  under a r eve r se  b i a s  with t h i s  r e s e r v o i r  of  i ons  as 
a source o f  supply.  
l i t h i u m  concent ra t ion  t o  form a sharp  p-n j u n c t i o n  i n  t h e  c r y s t a l  s o  t h a t  
t h e  necessary  diode can be formed f o r  d r i f t i n g  purposes .  
The a l l o y  region must have a s u f f i c i e n t l y  h igh  
As noted  before ,  t h e  l i th ium p r e c i p i t a t i o n  ra te  was very r a p i d  
and no  j u n c t i o n  could be maintained us ing  only l i t h i u m  as an n- type l aye r .  
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However, Reiss, F u l l e r  and Morin13 have shown t h a t  t h e  formation o f  a 
p-n j u n c t i o n  on germanium and s i l i c o n  w i l l  p revent  t h e  p r e c i p i t a t i o n  
o f  l i t h i u m  from t h e  reg ion  enclosed by t h i s  j unc t ion .  
j u n c t i o n  must have a heav i ly  doped n-type l a y e r  s o  t h a t  t h e  p o t e n t i a l  
b a r r i e r  w i l l  prevent  t h e  l i t h ium ions from d i f f u s i n g  t o  t h e  su r face  
where they  can combine with t h e  su r face  oxide l a y e r  and p r e c i p i t a t e  
ou t .  
Then l i t h i u m  was d i f f u s e d  i n t o  t h e  c r y s t a l ,  pass ing  e a s i l y  through t h e  
t e l l u r i u m  l a y e r .  Probing techniques i n d i c a t e d  t h a t  t h e  l i t h i u m  d i d  i n  
fact  remain i n  t h e  c r y s t a l  without p r e c i p i t a t i n g  when a p-n j u n c t i o n  
had p rev ious ly  been formed with t e l lu r ium.  
p o s s i b l e  t o  a t tempt  d r i f t i n g  l i t h ium through such a c r y s t a l  s i n c e  t h e  
commercial s u p p l i e r  has  s o  fa r  only given us  p o l y c r y s t a l l i n e  material. 
However, as high p u r i t y  materials become a v a i l a b l e  i n  s i n g l e  c r y s t a l  
form, it should be p o s s i b l e  t o  apply t h i s  technique t o  ga l l ium antimonide 
and a t tempt  l i th ium-ion  compensation. 
However, t h e  
With t h i s  i n  mind, t e l l u r i u m  was d i f f u s e d  i n t o  t h e  ga l l ium antimonide.  
I t  has n o t  as y e t  been 
The t h i r d  type  of s o l i d  s o l u t i o n  i s  termed d e f e c t ,  and i s  u s u a l l y  
a s t o i c h i o m e t r i c  e f f e c t  caused by an excess  of one of  t h e  c o n s t i t u e n t  
elements of  t h e  compound. 
i n  t h e  c r y s t a l .  
s i n c e  t h e  c r y s t a l  l a t t i c e  u s u a l l y  has a preponderance of  vacancies  which 
i n t e r f e r e  with t h e  homogeneous d i s t r i b u t i o n  of  impur i ty  ions .  
This e f f e c t  r e s u l t s  i n  an e l e c t r i c a l  imbalance 
Such a s o l u t i o n  i s  n o t  appropr i a t e  f o r  r a d i a t i o n  d e t e c t o r s ,  
46 
Fig. 1 2 .  I d e n t i f i c a t i o n  of p o l y c r y s t a l l i n e  ga l l ium antimonide,  as 
evidenced by t h e  6:2:1:2 H20 e t c h  a t  O°C. 
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